Organophosphorus (OP) pesticides are highly toxic but used commonly worldwide, nevertheless. Their urinary dialkylphosphate (DAP) metabolites are widely used for exposure assessment of OP pesticides in humans. We previously developed an analytical method to measure urinary DAPs utilizing solidphase extraction (SPE)-derivatization-gas chromatographytandem mass spectrometry (GC-MS-MS) with quantification using isotope-dilution technique. We now present a more cost-effective yet highly accurate method that can be easily adaptable to many laboratories for routine OP exposure assessment. This method is simple and fast and involves automated SPE of the metabolites followed by derivatization with pentafluorobenzyl bromide and quantification by GC-MS. Dibutyl phosphate (DBP) serves as the internal standard. The detection limits for the six metabolites ranged from 0.1 to 0.15 ng/mL. Depending on the metabolite the relative standard deviation of the analytical procedure was 2-15% for the metabolites. We compared performance of DBP as an internal standard with that of isotope-labeled compounds and found that DBP gives reliable results for the analytical procedure. We also optimized reaction parameters of pentafluorobenzylation.
Introduction
Organophosphorus (OP) pesticides are commonly used worldwide in agriculture and in pest control. The toxicity of these pesticides to humans is well documented. Abundant research studies have been carried out to assess the human exposure to these pesticides and measurement of urinary dialkyl phosphate metabolites of the OP pesticides has been a popular method for such studies . Six DAP metabolites are the most commonly measured, namely, dimethyl phosphate (DMP), diethyl phosphate (DEP), dimethyl thiophosphate (DMTP), diethyl thiophosphate (DETP), dimethyl di-thiophosphate (DMDTP), and diethyl di-thiophosphate (DEDTP) (Figure 1 ). Determination of these metabolites provides information on cumulative exposure to OP pesticides as a class although the metabolites cannot be directly associated with a given pesticide (33) .
The majority of analytical methods for DAP determination involve the isolation of the metabolites from the sample matrix followed by derivatization and quantification using a variety of isolation techniques, derivatizing agents, and instrumentation (33) . We previously developed a simple, highly sensitive, selective, accurate, and high-throughput automated solidphase extraction (SPE)-postextraction derivatization-gas chromatography-tandem mass spectrometry (GC-MS-MS) method to measure DAP metabolites (34) . However, there are two limitations in its applicability as a universal method. It calls for expensive isotopically labeled internal standards and highly sophisticated, high-cost instrumentation, such as a tandem MS, that are not affordable to many. To this end, we set out to develop a method that uses more commonly available instru-ments and reagents, yet is sensitive enough for non-occupational OP exposure assessment. The new method involves automated SPE of the OP metabolites in human urine, followed by pentafluorobenzylation and analysis by GC-MS with dibutyl phosphate serving as the internal standard (ISTD). The method maintains the simplicity, rapidity, accuracy, and labor effectiveness of our previous method and still yields detection limits low enough to measure non-occupational exposure to OP pesticides. We evaluated the suitability of DBP as an internal standard by comparing the results with those obtained using isotope-labeled standards. Reaction parameters for a one-pot reaction of all the metabolites were optimized, and long reaction times were avoided. We studied the degradation tendency of the DAP-pentafluorobenzyl esters in more detail and made interesting observations.
Experimental

Reagents
Analytes DMP and DEP (98%) were purchased from Pfaltz and Bauer (Waterbury, CT) and Acros Chemicals (Fairlawn, NJ), respectively. DMTP (98%) and DMDTP (98%) were purchased from Cambridge Isotope Laboratories (Andover, MA). DETP (98%) and DEDTP (90%) were purchased from Aldrich Chemical (Milwaukee, WI). The isotope-labeled analogues of the analytes, DMP-d 6 10 ) , and 13 C 4 -DEDTP(diethyl-13 C 4 ), were custom synthesized by Cambridge Isotope Laboratories (Andover, MA). All isotopically labeled standards had chemical and isotopic purities of at least 99%. 2,3,4,5,6-Pentafluorobenzyl bromide (99%) (PFBBr) and DBP (> 97%) were purchased from SigmaAldrich (St. Louis, MO). Tributyl phosphate (TBP) (99%) was obtained from Aldrich Chemical. All organic solvents were analytical grade. Acetonitrile and toluene were purchased from Tedia (Fairfield, OH). Concentrated hydrochloric acid and anhydrous potassium carbonate were purchased from Aldrich Chemical. A 3 M hydrochloric acid solution was prepared by diluting about 25 mL of concentrated acid with 75 mL deionized water. Deionized water was organically and biologically purified with a Barnstead Nanopure Infinity ultrapure water purification system (Barnstead/Thermolyne, Dubuque, IA). Ultra-high purity grade nitrogen was purchased from Airgas (Radnor, PA). Bond Elut PPL 500 mg/3 mL cartridges used for the SPE were obtained from Varian Sample Preparation Products (Harbor City, CA).
Preparation of standard solutions and quality control materials
The procedure for the preparation and storage of the standard solutions of native standards and isotope-labeled internal standards is explained elsewhere (34) . A stock solution (100 mg/L) of DBP internal standard was prepared by dissolving 0.01 g in 100 mL acetonitrile in a volumetric flask. This solution (5 mL) was diluted to 100 mL with acetonitrile to obtain the final concentration of 5 mg/L working ISTD solution, which was stored at 4°C. Stock and working solutions of TBP internal standard were prepared in the same manner.
Calibration standards were prepared daily by spiking 2 mL of blank urine with 12.5 µL of the analyte standard spiking solution and 12.5 µL of the DBP internal standard spiking solution to obtain the required range of urinary concentration of the standard ranging from 0.1 to 100.0 ng/mL and DBP (31.25 ng/mL). The isotopically labeled internal standard solutions (12.5 µL) and TBP (12.5 µL) were added when necessary.
Quality control (QC) materials (QCL, QCM, and QCH; 1.5, 10, and 20 ng/mL, respectively) were prepared and characterized as previously described (34) . To ensure the validity of the resulting data, QC materials were incorporated in each analytical run and were evaluated using Westgard QC rules (35) .
Sample preparation
The extraction procedure of DAPs is summarized in the flow diagram in Figure 2 . Human urine (2.0 mL) was spiked with DBP internal standard solution (12.5 µL) and subjected to the automated SPE and subsequent blow down as described previously (34) . The resulting dry residue was suspended in acetonitrile (1 mL), and potassium carbonate (20 mg) and PFBBr (30 µL) were added. The tubes were capped, vortex mixed, and placed in a preheated dry-bath incubator (Isotemp 145 D, Fisher Scientific, Pittsburgh, PA) at 60°C for 4 h with occasional vortex mixing. After the samples came to room temperature the liquid was carefully transferred to a centrifuge tube and 125 µL toluene added. Samples were concentrated to 75 µL in a TurboVap at 30°C with nitrogen (10 psi) for about 20 min and transferred to an autosampler vial for analysis.
Instrumental analysis
A Hewlett-Packard 6890 GC equipped with a HewlettPackard 7683 autosampler (Agilent Technologies, Palo Alto, CA) and an Agilent 5973 mass selective detector (Agilent Technologies) was used for sample separation and analysis.
An aliquot (1 µL) of the sample was injected in the splitless mode onto a J&W Scientific (Folsom, CA) DB-5MS ([5%-phenyl]-methylpolysiloxane) capillary GC column (30 m, 0.25-mm i.d., 0.25 µm) using the autosampler. Carrier gas used was helium (Airgas, Radnor, PA). The injection port and transfer line were set at 250°C and 280°C, respectively. Constant flow mode was used with an initial flow of 1.2 mL/min. The temperature of the GC oven was initially set at 90°C for 1 min and raised to 150°C at 4°C/min and then to 270°C at 50°C/min. The final temperature of 270°C was held for 5 min. The MS was operated in electron impact ionization mode at 70 eV and ions were monitored in the selected ion monitoring mode. Figure 3 shows mass spectra of the pentafluorobenzyl esters of DETP and its isotope analogue. The retention times and the detected ions for the six DAP metabolites, DBP, TBP and the isotope-labeled compounds are given in Table I . ChemStation software on a PC-based data system was used to acquire data. The data files were converted to XCalibur ® files and manually evaluated. The peaks were identified from the retention times and confirmed by comparing the ion ratio of analyte/DBP for the two ions of the analyte.
Limits of detection (LOD)
Six of the lowest standards were extracted five times each and the standard deviations were plotted against the concentrations for each analyte. The intercept of the best-fit line was taken as S 0 , which is the standard deviation as the concentration approaches zero. The analytical LOD of the analyte was calculated as 3S 0 (36) .
Recoveries
SPE recoveries were determined at concentration levels 10 and 50 ng/mL by spiking the analytes before and after SPE and comparing the analyte to ISTD ratios.
Relative recovery
Relative recovery (sometimes called accuracy) was determined by enriching urine samples at three concentration levels, 2.0, 7.5, and 30 ng/mL, analyzing, and comparing the calculated and expected concentrations. For each concentration, five replicate samples were analyzed. A slope of 1.0 of a linear regression analysis of the expected value versus the calculated value indicates a 100% relative recovery.
Precision
The relative standard deviation, which is a measure of precision, was determined for both intraday and interday variation by analyzing QC materials at three concentration levels (n = 30 for each level) over a period of two weeks.
Cross-method validation
Data obtained from analysis of a set of urine samples spiked with known standards using the new method and our previous method were compared.
Evaluation of DBP as an internal standard
Blank urine enriched with OP analytes and QC material were spiked with both DBP and isotope-labeled internal standards and analyzed. The analytes were quantified relative to DBP and the labeled ISTDs, and the data were compared.
Optimization of derivatization temperature
Unspiked blank urine (2 mL) samples were acidified and subjected to SPE and subsequent blow down. The samples were fortified with a standard (50 ng/mL) and TBP (12.5 µL). Acetonitrile (1 mL), potassium carbonate (20 mg), and PFBBr (30 µL) were added, and the samples were allowed to derivatize at 40°C, 45°C, 50°C, 55°C, 60°C, 65°C, and 70°C for different time intervals. The analytes were quantified relative to TBP as the ISTD.
Effect of solvent on analyte recovery
Eight acidified blank urine samples were extracted by the SPE procedure and the eluate was evaporated to dryness. The samples were fortified at 25 ng/mL. Acetonitrile (0.5 mL) was added to all samples and diethyl ether (5 mL) from a freshly opened bottle was added to four tubes. Samples were concentrated at 30°C and derivatized at 40°C for 15 h. The procedure was repeated at 60°C for 4 h. After derivatization, samples were transferred and concentrated. Finally, before transfer- ring to the autosampler vial for analysis, the samples were spiked with TBP (12.5 µL).
Sixteen empty tubes, used as controls, were spiked with the standard and treated in the same way as the urine samples.
Results and Discussion
Pentafluorobenzyl bromide has long been used as a derivatizing agent for the OP metabolites (8, 11, 14, 15, 17, 19, 20, 21, (24) (25) (26) (27) as it offered many advantages compared to other reagents previously used. However, there was a main shortcoming in its use in trying to achieve derivatization of all the DAPs in a onestep reaction. Although thio analytes could be alkylated at ambient temperature, DMP and DEP required elevated temperatures (11) . However, at such temperatures thio compounds decomposed to their respective non-thio forms of DMP and DEP. We felt that optimizing reaction conditions was necessary as our extraction procedure was different to those previously reported. Out of the many different temperature/time combinations that we tested for the derivatization we found that 60°C/4 h gave the best match with good yields for all the metabolites.
In contrast to the previous observations that DMTP is the most sensitive analyte with respect to heat (11, 25) , we observed that at 60°C the decomposition of DMTP yielding DMP was insignificant. Reid and Watts (11) observed about 25% decomposition of DMTP to yield DMP at 90°C, whereas less than 10% conversion was reported by Hardt and Angerer (25) at the lower temperature of 40°C. Di-thio samples also showed insignificant amounts of DMP arising from DMDTP, on par with mono-thio samples. For DEP, a parallel situation was seen, with even less magnitude, revealing that DEP formation from DETP and DEDTP is not great either. The most striking observation in this study was the significant amounts of DMTP and DETP, latter to a lesser extent, present in DMDTP/DEDTP samples. Same was true for DETP. We hypothesize that decomposition of DMDTP and DEDTP in the hot injection port of 250°C of GC would have led to these mono-thio compounds in similar proportions. Therefore, it is apparent that, although the degradation is previously observed to be highest with DMTP followed by DETP and much less with the di-thio compounds (11, 24, 25, 27) , our studies indicate a different trend. In summary, this study demonstrates that, coupled with automated SPE, pentafluorobenzylation at 60°C/4 h affords a simple and fast preparative method for the analysis of OP metabolites with high yields.
We previously observed that use of diethyl ether as an eluant in SPE led to the decomposition of thio compounds (34) . Further investigations were carried out in this regard and our results confirmed ( Figure 4A ) that the presence of diethyl ether led to high amount of decomposition of all the thio compounds to their corresponding non-thio forms, the effect, being more dramatic for DMDTP and DEDTP than for DMTP and DETP. This trend is similar to what we observed in temperature effect on degradation as discussed. Effect of diethyl ether was more pronounced in the absence of a urine matrix where DMDTP and DEDTP almost disappeared ( Figure 4B) .
For derivatization studies we could use neither DBP nor isotope-labeled compounds as ISTDs because they too underwent alkylation reaction to varying extents under different test conditions, and in such instances TBP was used. With the spiked analyte concentrations that we used, we obtained good precision with average relative standard deviation ranging from 1 to 8 for the six analytes.
This method is very sensitive with LODs for all the analytes ranging from 0.1 to 0.15 ng/mL (Table II) . LODs are slightly higher in comparison to our previous method that utilizes highly sensitive MS-MS analysis, but still low enough and adequate for bio-monitoring studies. A typical chromatogram of a spiked urine sample is shown in Figure 5 . The daily calibration plots for all the analytes were typically linear over three orders of magnitude with a correlation coefficient exceeding 0.99 (Table II) with less than 1% error of the slope. The linear regression analysis of the spiked amounts of analytes and the measured levels resulted in excellent slopes indicating a high degree of accuracy. The relative standard deviations (RSD) of repeated measurements of QC materials over a two-week period ranged from 2 to 15% (Table II) . These values, which reflect both intraday and interday variability of the assay, indicate the high repeatability of the method. We obtained good SPE recoveries at both spiked levels, 10 and 50 ng/mL, ranging from 55 to 119 (Table II) , comparable to our previous method. Analyte concentrations calculated from this method agreed well with our previous 1-chloro-3-iodopropane (CIP)-GC-MS-MS method giving slopes of almost one indicating the excellent match between the two methods ( Figure 6 ).
We evaluated suitability of DBP as an ISTD by comparing analyte data computed relative to DBP and isotopically labeled compounds and obtained good agreement (Figure 7 ) for all the analytes (Table II) . This indicates that, even though the specificity inherent in isotope-dilution method is not met, DBP is, nevertheless, a good substitute for OP metabolite determination in the absence of highly expensive isotope-labeled ISTDs.
We observed that excess PFBBr in the sample is undesirable: it seems to split the analyte peaks and demand frequent maintenance of the GC. About 25-30 µL of PFBBr was found to be adequate for the reaction. A similar observation has been previously made by Aprea et al. (20) , who reported that at high temperatures, excess PFBBr degrades to halogen acids in the GC and affects the GC column. * SPE recovery at 10 and 50 ng/mL. † SD, standard deviation. ‡ RSD% for low (1.5 ng/mL), medium (10 ng/mL) and high (20 ng/mL) QC pools (n = 30 for each level). § Data for the plot of analyte concentrations calculated with respect to DBP vs. those calculated with respect to isotope-labeled compounds (Figure 7 ). 
Conclusions
We developed a cost-effective analytical method based on an automated SPE separation coupled with GC-MS for the routine analysis of non-occupational OP exposure. This method maintains the simplicity, rapidity, and high reproducibility of our previous method and still yields detection limits suitable for low-level exposure assessment.
